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Abstract In the last decade synthetic apatites mimicking

the human natural one have been widely prepared and char-

acterized from the physico-chemical point of view; however

a shading zone is still remaining related to the evaluation and

distinction of the less crystalline part, almost amorphous,

and the crystallographically well ordered, nano-sized part,

inside the apatite itself. Actually natural apatite forming bone

tissue can include both types of crystals whose prevalence

is dependent from the specific bone evolution stage and the

specialized tissue performance. The quantitative description

of such a combination usually represents a puzzling problem,

but the result can also clarify the definition of “crystallinity

in apatite” that appears still controversial. Many different

synthetic apatites, including those nucleated on organic

templates, were analyzed with different techniques (X-ray

diffraction, transmission electron microscopy, and so on)

to clarify the true nature of the disordered part. The results,

manipulated by the classical methodologies devised for sub-

stances with highly perturbed structural order, led to establish

that only specifically prepared amorphous calcium phosphate

is really a glass, while the distorted portion coexisting with

more or less crystalline regions is simply nanocrystalline.

Moreover, at the conceptual limit of crystallinity tending to

zero, the two models surprisingly cease to be conflicting.
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Introduction

Increasing the interest in bioresorbable bioactive materials

as bone substitute, much activity has been devoted to the

design and synthesis of biomimetic apatites i.e. hydroxya-

patites (HA) which mimic the composition (and thus the

features) of natural bone intended as a dynamic system in

equilibrium with a complex environment [1–4]. For this rea-

son different kind of anionic and cationic substitutions have

been performed raising the chemical similarity with bone

and simultaneously causing distortion in the HA cell struc-

ture and/or affecting the crystallites formation, growth and

morphology [5].

It is already well known that mineral component of bone

has well defined features in relation to bone tissue function

and age: in particular crystallinity degree and crystal size

are related to a specific osteogenetic stage and ultimately to

the bone biomechanic performance [6, 7]. For this reason it

seems crucial to define the actual state of synthetic apatite, i.e.

to gather information upon the disputed question connected

to HA crystallinity degree which mingles and shades into

nano-dimension of crystal domains.

The concept of crystallinity in matter, even if apparently

well defined as the crystalline volume fraction of a phase in a

sample, is a matter for discussion mainly when we are treat-

ing cases of very small or vanishing amounts. At the side of

high crystallinity values, with long-range order almost un-

perturbed, when the situation tends to single crystal or large

crystallites with small zones of intergranular transition (grain

boundaries), there is little room for doubt: the high and well

defined diffraction peaks turn out to be even too narrow for re-

liable crystallite size determination via the Scherrer equation.

The troubles arise from the opposite side, i.e. crystallinity

very low or tending to zero, as usually occurring in biologic

systems. The diffraction lines appear so broadened as to lose
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Table 1 Main preparative features of the different HA powders

HA powder
∗

Synthesis conditions

Stoichiometric HA T = 25 (low crystallinity) −40◦C (medium crystallinity)

B-carbonated HA NaHCO3 as a carbonate source; T = 40◦C

Mg-doped HA MgCl2 · 6H2O as a Mg source; T = 40◦C

HA nucleated on collagen fibres Synthesis in an aqueous solution of self-assembling collagen fibres; T = 25◦C

∗ The reagents used were calcium hydroxide and orthophosphoric acid.

the shape of true peaks, becoming more and more similar to

unresolved large humps.

However, there are two intrinsically different situations

that can yield such an effect: (a) exceedingly small but

well-ordered crystallites or (b) really amorphous matter (re-

taining only short-range order at the scale of few atomic

neighbours), that we can call conventionally “nanocrystals”

and “glass” respectively.

Moreover, it has to be noted that new materials are being

discovered that lie between the two extremes: they have a

well-defined structure over the local and intermediate range

that can be described rather well by a small unit cell and

a relatively small number of parameters. However, they are

not long-range ordered and the structural coherence dies out

on a nanometer length scale: these materials are often called

nanocrystals. It should be emphasised that this definition of

nanocrystals goes beyond perfect crystals that are simply

very small (nanometer in size) and includes materials where

the particle size can be larger but the structural coherence is

nanometer length scale. Another class of interesting materi-

als was found where long-range order exists but significant

structural distortions are also present that are not reflected in

the average structure.

It is easy to understand that the “simple” concept of crys-

tallinity shows rather complicated aspects and subtle distinc-

tions deserving careful investigation.

It is to cast some light onto this intriguing dilemma that we

analyzed in depth the diffraction data from many synthetic

hydroxyapatites, encountered over years of research in the

field of biomimetic ceramic materials [8].

Experimental

Hundreds of X-ray diffraction (XRD) powder patterns from

various synthetic HA were compared and studied; in partic-

ular we focused our attention on perturbed order samples:

(a) pure HA prepared by traditional wet methods at different

(low) temperatures with final low and medium crystallinity;

(b) carbonated HA (CHA), mainly in B position; (c) Mg-

doped HA and CHA; (d) HA directly nucleated on self-

assembling collagen fibres. The details of preparation and

physico-chemical characterisations are reported elsewhere

[9–13] and summarized in Table 1.

Moreover, specially for the present work, we pre-

pared amorphous calcium phosphate (ACP) starting from

Ca(NO3)2 . 2H2O, Na2HPO4 . 2H2O, Na4P2O7 and NaOH,

then washing the product in NH4OH in agreement with

the procedure proposed by LeGeros [14, 15], and largely

varying the concentration of Na4P2O7 (PO4/P2O7 ratio from

4 to 40) that can be considered an effective inhibitor of HA

crystallisation. The Ca/P molar ratio was varied too between

1.50 and 1.67 with practically undetectable effects. On the

other hand the powders with PO4/P2O7 up to 10 can be con-

sidered representative of true amorphous Ca phosphate, while

when this ratio exceeds 10 the crystallisation of HA begins

yielding various degrees of low crystallinity HA.

The XRD patterns of the most significant powders in

these two categories were carefully recorded (Siemens D-500

diffractometer, CuKα radiation, angular range from 10 to

150◦, step width 0.04◦ counting time 5 s). The data, after

proper corrections, were analysed by the method originally

proposed for amorphous substances by Warren [16] and re-

cently upgraded by Egami and Billinge [17] to obtain the

pair distribution function (PDF) or radial atomic distribution

(RAD) characterising the short-range order: in some cases

the so-called “amorphous contribution” subtended under the

surviving crystalline peaks was graphically outlined and sep-

arately analysed.

Even if the maximum recorded value of s = 4π sin θ/λ

was only about 8 A−1, satisfactory results were obtained due

to the sufficiently rapid convergence of experimental inten-

sity (converted in absolute units) to the calculated total inde-

pendent scattering free of interference effects.

Simulations of the XRD patterns as modified by nanome-

ter scale of crystallite dimension (0.5–2 nm) for the main

Ca phosphates were calculated using the Powder Cell 2.1

programme.

To control the thermal stability, thermo-gravimetric/

thermo-differential analysis (TG-DTA: Polymer STA 1500)

of representative samples was performed in the room

temperature-1400◦C range.

Fourier-Transform Infrared spectroscopic analysis (FTIR:

Thermo-Nicolet Avatar) was carried out as well to identify

possible differences and to have an idea of the unintentional

degree of carbonation in the samples.

Observations of some selected powders by transmission

electron microscopy (TEM) were performed with a JEOL
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Fig. 1 Typical XRD patterns of different representative HA samples: (a) low crystallinity HA; (b) mainly B position carbonated HA (CHA); (c) Mg

doped HA; (d) HA directly nucleated on self-assembling collagen fibres.

EX4000 instrument with acceleration potential of 400 kV.

Samples were dispersed on lacy carbon Cu grids by contact

with the grids and subsequent gentle shaking.

Results and discussion

Figure 1 displays typical XRD patterns representative of the

four classes of HA samples listed at the beginning of the

previous section that are the object of our studies: it is easy

to see that they refer to very different degrees of structural

order. When HA is directly nucleated on collagen fibres it

is hard to recognise even the main ones of its well known

powder diffraction features.

The XRD pattern for specifically prepared ACP is reported

in Fig. 2, while that obtained as “amorphous background” by

eliminating the residual crystalline peaks [18] from a low

crystallinity HA pattern (LCB) is shown in Fig. 3: it is easy

to see that the first presents much fewer interference effects,

furthermore extending over a reduced angular range. The

corresponding RAD curves, with and without the contribu-

tion of the average atomic density, are displayed in Figs. 4a,b

and 5a,b respectively. It has to be remembered that some at-

tempts to evaluate the crystalline HA to amorphous calcium

phosphate ratio by an empirical simplified method very sim-

ilar to those practised in polymer science were performed for

Fig. 2 XRD pattern for specifically synthesized ACP.

plasma-sprayed coatings, but the “amorphous” contribution

was limited to the first hump between 24 and 36◦ of 2θ : in

any case, the procedure is satisfactory to supply a sort of nu-

merical figure of merit without structural implications [19].

The only attempt to evaluate in depth the characteristics

of ACP in comparison with those of crystalline and variously

perturbed HA remains the fundamental one of Posner and

co-workers [20] dating 30 years ago, whose conclusions

were: synthetic ACP is different from HA in stoichiometry,
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Fig. 3 XRD pattern obtained from a low crystallinity HA sample after

careful elimination of residual crystalline peaks (LCB).

Fig. 4 RAD curves for ACP: (a) with and (b) without the contribution

of the average atomic density.

does not consist of extremely small crystals of HA and has

a distinctive radial distribution function from which the now

famous structural model of spherical clusters about 10 Å in

diameter was proposed.

To cope with the problem of different species present

in the structure, an average atomic scattering factor calcu-

Fig. 5 RAD curves for LCB: (a) with and (b) without the contribution

of the average atomic density.

lated according to the molar concentrations was employed

throughout.

The first gross feature appears to be the much greater

smoothness of the ACP curves compared with the LCB ones;

this indicates that the atomic distribution is less rigid and

more difficult to quantify.

The interatomic distances after the first three

(r > 0.35 nm) tend to be sensibly longer in ACP and

for r > 0.70 nm it becomes difficult to find a sure biunivocal

correspondence: clearly there is a loosening of the structural

organisation in respect of LCB whose effects increase with

distance.

While more and more distinct maxima are found in LCB at

high r values, in ACP this trend appears reversed, indicating

that the larger shells are broadened and widely undefined,

due to the multitude of fairly different distances each with

small number of atoms.

Another meaningful distinctive feature is the sequence

(with only one negligible exception at low r) of regularly

growing maxima with increasing r in ACP, typical of an al-

most statistically homogeneous atomic spatial distribution:
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this is one of the most prominent characteristics of glasses

and is not found in LCB that seems to still preserve a certain

amount of anisotropic lattice constraints.

The behaviour of the peak representing the shortest dis-

tance (about 0.15 nm), that corresponds to P-O (and vice

versa) in the PO4 tetrahedron is interesting: it appears slightly

sharper in ACP than in LCB. Even if it is well known that the

low r region is affected by many mathematical errors, the ob-

served feature could be linked to the higher repetitiveness of

the PO4 tetrahedra in a highly disordered structure in which

they represent the only atomic group certainly maintaining

its shape with limited dimensional fluctuations.

Considering all the atomic species as equivalent (an ap-

proximation that was also used in the RAD calculations

for polyatomic compounds: see above), in HA every “av-

erage atom” occupies 528.8/44 = 12 Å3: this can be con-

sidered as a reference value to estimate if the RAD curves

point towards thicker or thinner structural packings. In a

spherical shell of minimum radius 1 Å and maximum 10 Å

(volume about 4185 Å3 corresponding to nearly 8 elemen-

Fig. 6 RAD curves with evidenced the interatomic distance peaks

forming the envelope: (a) for ACP; (b) for LCB. The reported num-

bers indicate how many “average” atoms are present in each spherical

shell.

tary cells of HA) we find 348 atoms on average: the sum

of the areas of all the peaks in the RAD curves with the

term 4πr2ρo added [17], considering them as Gaussian

and taking care to avoid counting the overlapping sections

more than once, gives a number to be compared with this

value. As shown in Fig. 6a,b for ACP we obtain about

Fig. 7 Simulated XRD pattern for HA structured nanocrystals of size

1.5–2.5 nm.

Fig. 8 DTA curves for: (a) ACP; (b) LCB.
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300 (86%), while for LCB we have 330 (95%): both val-

ues are significantly lower, as expected, than in crystalline

HA, but ACP is characterised by a less tightly packed

arrangement.

From all the previous considerations, it is possible to assert

with reasonable confidence that ACP is really an amorphous

Ca phosphate, while LCB (which usually constitutes the non-

crystalline back-ground in Ca phosphate samples) is more

likely describable as a nanocrystalline fraction with crystal-

lites of 1.5–2.5 nm (see the correspondent simulated XRD

pattern in Fig. 7): these two situations present marked analo-

gies only up to r = 0.35 nm, while beyond the intrinsically

different atomic arrangements appear clearly established. It is

worth mentioning that a reasonable reproduction of the XRD

pattern of ACP can be obtained with a nanocrystalline model

with the very small crystallite size of 0.8–1.3 nm: the only

detail that cannot obviously be simulated by nanocrystalline

models is the remarkable small angle scattering, which has a

physically different origin and is always present when deal-

ing with disordered structures characterized by considerable

large-scale (5–50 nm) fluctuations in the electron density.

Not even to be said that crystallites of size very similar to

Fig. 9 FTIR spectra relative to:

(a) ACP; (b) LCB.
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that of the HA unit cell can hardly be considered as making

sense at all.

Worthwhile to mention the fact that truly amorphous sam-

ples present in DTA curves (see Fig. 8) a sharp exothermic

transition at about 665◦C, corresponding to crystallisation

(the phase formed is low-temperature α-TCP, an uncommon

metastable modification formerly called ᾱ and afterwards γ

[21], characterised by an XRD pattern very similar to that of

stable high-temperature α-TCP): this feature is completely

absent from the DTA curves of nanocrystalline samples that

remain HA (with a few percent of α-TCP) up to 1400◦C,

with almost complete crystalline fraction and crystallite size

raised to 50–70 nm. Such an exothermic peak turns out to be

a good indicator for distinguishing between amorphous and

nanocrystalline HA samples.

In the FTIR spectra reported in Fig. 9 it is possible to

observe the much lower resolution of ACP in respect of

LCB and the moderate degree of carbonation present in both

cases. Another distinctive characteristic is the weak band at

about 730 cm−1, typical of the P2O7
4− group [22], still de-

tectable in ACP but undetectable in LCB after the start of

HA crystallisation.

Among the four classes of investigated samples quoted in

the beginning of the experimental section, the first three (after

subtraction of residual more or less broadened Bragg peaks)

can be satisfactorily explained by nanocrystalline models

with different crystallite size, while the fourth needs truly

amorphous arrangements with various degrees of short-range

order.

TEM examinations offer an interesting panorama of some

subtle aspects of these complex morphologies supplementing

XRD data.

In fact, in HREM images, HA particles like those shown

in Fig. 10, roundish in shape and with a size in the 30–40 nm

range, were observed, exhibiting a contrast constituted by

randomly oriented sets of fringes, extended on regions of

4–10 nm in size, scattered in a disordered matrix. As the

fringe spacings were found to correspond to those of vari-

ous types of crystalline planes of HA, images of this type

could be interpreted in terms of HA nanocrystals embedded

in an apparently amorphous environment. However, a de-

tailed inspection of the “amorphous-like” portion revealed

the presence of domains of 3 nm or less in size (like those

encircled in the figure) where some order in the contrast

seems to be present. Actually, it was found that the auto-

correlation function [23] (a mathematical tool for detecting

the degree of order in an image submerged by amorphous

“noise”) of these domains’ images consists of a fringe pat-

tern (an example is shown in the inset of Fig. 10), with spac-

ing corresponding to one particular dhkl of HA, depending

on the zone. As these features bear witness to the pres-

ence of a crystal-like order [24], it seems reasonable to

associate domains of such kind to the portion of the materials

able to produce the LCB background in the XRD patterns.

Fig. 10 HREM image of HA

particles typical of

nanocrystalline samples. Circles

evidence some of the regions

where the two-dimensional

autocorrelation function was

calculated. One example of the

results of such calculations is

reported in the inset.
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Fig. 11 HREM image of truly

amorphous HA directly

nucleated on self-assembling

collagen fibres. Inset (A) higher

magnification of a part of a

mineral particle. Inset

(B) example of the results of the

calculations of the

two-dimensional autocorrelation

function performed on the

image of mineral particles.

Similar features were observed also for the Mg-doped

HA.

Conversely, in the case of pure or Mg-doped HA particles

directly nucleated on self-assembling collagen fibres, quite

large in size (50–100 nm) and with globular shape (Fig. 11),

only a contrast and related autocorrelation function corre-

sponding to a “true” amorphous/short-range ordered phase

were observed (Fig. 11, insets A and B respectively).

Conclusions

The coexistence of two substantially different scattering phe-

nomena, like that for a crystalline and non-crystalline sub-

stance, has been recognised for a long time as a demanding

theoretical problem to be treated by general X-ray scattering

theory and the solutions have usually been found by empir-

ical methods: moreover the question is complicated by the

practically infinite number of intermediate nuances possible

between the two extreme concepts.

To somehow set the debate between the amorphous or

nanocrystalline nature of the disordered fraction in HA, our

studies demonstrated that in general: (a) when some trace

of Bragg peaks survives, the distorted fraction is very likely

constituted by tiny crystallites of size 1–2 nm, still maintain-

ing the well-known HA structure, even if with a few minor

irregularities; (b) only when any residual of Bragg peaks dis-

appeared and the weak interference effects do not extend

beyond s = 6 Å−1 is possible to speak of truly amorphous

Ca phosphate, characterised by mere short-range order (less

than 0.5 nm) with complete destruction of recognisable crys-

tal structure.

The behaviour of these two classes after thermal treat-

ments gives further confirmation: in the first type of samples

the degree of crystallization begins to increase at rather low

temperatures (around 400◦C), sufficient to induce the growth

of already present crystallites with large size polydispersion,

while in the second one higher thermal energies (more than

650◦C) are required to start the crystallization process in the

absence of well-defined nuclei.

Our results are in substantial agreement with the early

findings of Posner, even if no evidence of particular clusters

with specific stoichiometry was unambiguously detected.

Finally, after all the previous considerations, it is appropri-

ate to draw a rather unexpected (and somewhat philosophical)

conclusion: at the limit of “crystallinity” tending to zero, it is

hard to find significant differences between the nanocrystal

and glass models. When the coherent domains are less than

1 nm in size, they can rightfully be confused with a glass

retaining only short-range order (scale up to 0.5–0.6 nm).

Phenomenologically speaking, at the very end of the route,

the two different paths arrived at the same point: this doesn’t

mean that all the distinctions are meaningless, because the

differences appear as soon as one moves away (even slightly)

from the limit spot.
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